Repeated forced-swim stress (FSS) produced analgesia, immobility and potentiation of cocaine-conditioned place preference (CPP) in wild-type C57Bl/6 mice, but not in littermates lacking the kappa opioid receptor (KOR) gene. These results were surprising because kappa agonists are known to produce conditioned place aversion and to suppress cocaine-CPP when coadministered with cocaine. The possibility that disruption of the kappa system blocked the stress response by adversely affecting the hypothalamic-pituitary axis was examined by measuring plasma corticosterone levels. However, disruption of the dynorphin/kappa system by gene deletion or receptor antagonism did not reduce the FSS-induced elevation of plasma corticosterone levels. A second explanation for the difference is that kappa receptor activation caused by FSS occurred prior to cocaine conditioning rather than contemporaneously. To test this hypothesis, we measured the effects of the kappa agonist (trans)-3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)-cyclohexyl]benzeneacetamide (U50,488) administered to mice at various intervals preceding cocaine conditioning. The results showed that the interaction between the kappa system and cocaine reinforcement depended on the timing of the drug pairing. Mice given U50,488 60 min prior to cocaine showed a robust, nor-BNI-sensitive potentiation of cocaine-CPP, whereas administration 15 min before cocaine significantly suppressed cocaine-CPP. In the absence of cocaine, U50,488 given 60 min prior to saline conditioning produced no place preference, whereas administration 15 min before saline conditioning produced significant place aversion. The results of this study suggest that kappa receptor activation induced by FSS prior to the cocaine-conditioning session may be both necessary and sufficient for potentiation of the reinforcing actions of cocaine.
INTRODUCTION
In a previous study, we found that repeated forced-swim stress (FSS) dramatically increased the reinforcing effects of cocaine by a mechanism that required kappa opioid receptor (KOR) activation (McLaughlin et al, 2003) . Repeated forced swim in warm (301C) water preceding cocaine place preference conditioning resulted in a near doubling of the time spent in the drug-paired compartment during the subsequent preference test as compared to unstressed mice. The increase in preference was blocked by either pretreatment with the kappa opioid antagonist norbinaltorphimine (nor-BNI) prior to conditioning or deletion of the gene for the endogenous kappa opioid peptide dynorphin (DYN). These results suggested that activation of the endogenous kappa opioid system changed the way that mice responded to the reinforcing effects of cocaine, although alternative explanations remain and the underlying mechanisms are not yet known.
Prior studies had established that stress potentiates the rewarding properties of drugs of abuse (Piazza et al, 1990; Will et al, 1998; Covington and Miczek, 2001; Haile et al, 2001) , but a facilitating role of the kappa opioid system was surprising as kappa agonists are known to block the reinforcing effects of cocaine (Suzuki et al, 1992; Maisonneuve et al, 1994; Zhang et al, 2004) . In addition, kappa opioid agonists produce conditioned place aversion in rodents (Shippenberg and Herz, 1986; Suzuki et al, 1992) , and produce dysphoria in humans (Pfeiffer et al, 1986 ).
Based on those data, it was reasonable to expect that the stress-induced activation of the endogenous DYN/kappa system would serve as a brake that would reduce the reinforcing effects of cocaine.
However, key differences between the experimental protocols could have been responsible for the apparently conflicting results. Specifically, the actions of endogenous DYNs released by stress may be different from those produced by the pharmacological activation of kappa receptors. First, to establish the involvement of the KOR in the stress-induced potentiation of cocaine conditioned place preference (CPP), the effects of KOR gene deletion were assessed. This was important because nor-BNI and proDYN-derived peptides potentially have alternative sites of action. Second, to determine if the stress experience and subsequent release of other stress hormones was required, we simplified the paradigm by injecting the kappa agonist (trans)-3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)-cyclohexyl]benzeneacetamide (U50,488) prior to the cocaineconditioning session. To match the timing and magnitude of the endogenous kappa peptide action, we compared different intervals between U50,488 and cocaine injections, and we chose a dose of drug that produced the same magnitude of analgesic effects as the DYN-mediated stressinduced analgesia (SIA). Prior results suggested that kappa receptor activation was necessary for stress-induced potentiation of the cocaine-CPP. The present study addresses whether kappa receptor activation by administration of a kappa drug in the absence of FSS was sufficient.
MATERIALS AND METHODS

Animals and Housing
Male C57Bl/6 mice (Charles River Laboratories, Wilmington, MA) weighing 22-32 g (12-16 weeks old) were used in these experiments. Mice were group-housed, 2-4 per cage, in self-standing plastic cages (28 cm L Â 16 cm W Â 13 cm H) using 'Bed-o-Cob' for home bedding within the animal core facility at the University of Washington, and maintained in a specific pathogen-free housing unit. Mice were transferred 1 week prior to training into a colony room adjacent to the testing room to acclimatize to the testing environment. Housing rooms were illuminated on a 12-h light-dark cycle with lights on at 0700. Food pellets and water were available ad libitum. Procedures with mice were approved by the institutional Animal Care and Use Committee in accordance with the 1996 NIH Guide for the Care and Use of Laboratory Animals, and mice were inspected regularly by veterinary staff to ensure compliance.
Breeding and Genotyping of 'Knockout' Mice
Homozygous KOR and prodynorphin knockout (À/À) mice were prepared by homologous recombination as described (Hough et al, 2000; Sharifi et al, 2001 ) and provided for this study. Animals were backcrossed for 410 generations with C57Bl/6 mice, and heterozygote breeding pairs were used to generate homozygotic 'knockout' mice of each type and paired wild-type (WT) littermate controls for this study. Individual mice were genotyped using DNA extracted from tail samples as a PCR template as described previously (McLaughlin et al, 2003; Terman et al, 2004; Xu et al, 2004) . The prodynorphin and KOR gene-disrupted animals show no discernible differences from WT littermates in growth, life span, or overt behavior.
Corticosterone Assay
Mouse serum corticosterone levels were determined by [ 3 H]radioimmunoassay, following the manufacturer's protocol (MP Biomedicals, Orangeburg, NY). Trunk blood was collected following decapitation.
Forced-Swim Stress
To induce stress, C57Bl/6 mice were exposed to a modified forced-swim test as previously described (McLaughlin et al, 2003) . Briefly, the modified-Porsolt forced-swim paradigm (Porsolt et al, 1977) used was a 2-day procedure in which mice swam in 301C water for 15 min the first day, then 6 min during each of four trials on the second day without the opportunity to escape. Time spent immobile during the last 4 min of each trial was recorded. Difficulties in swimming or staying afloat were criteria for exclusion; however, no mice met these criteria.
Antinociceptive Testing Using the 551C Warm-Water Tail-Withdrawal Assay
The response latency for the mouse to withdraw its tail following immersion in 551C water was taken as the end point (Vaught and Takemori, 1979 ), modified as previously described (McLaughlin et al, 2003) . A cutoff time of 15 s was used to prevent tissue damage.
Conditioned Place Preference
KOR (À/À) and WT littermate C57Bl/6 mice were used in a three-compartment place-conditioning apparatus as described previously (McLaughlin et al, 2003) . Mice were tested for place preference by placing individual animals in the small central compartment and allowing them to freely explore the entire apparatus for 30 min. Movement through the chambers was detected by the breaking of infrared beams emitted from imbedded sensors, recorded by an automated computerized system (LabLinc, Coulbourn Instruments, Allentown, PA). Time spent in the two outer compartments was then calculated by GraphicState2 software (Coulbourn Instruments, Allentown, PA).
To examine the effect of FSS on cocaine-CPP, mice were tested for preconditioning bias, then exposed to 2 days of vehicle or nor-BNI (10 mg/kg i.p./day) pretreatment and forced swim as described above. This dose of nor-BNI was shown previously to be kappa selective under these testing conditions (McLaughlin et al, 2003) . At 10 min after the second day forced-swim session, mice were injected with cocaine (15 mg/kg, s.c.) and placed in the drug-paired compartment for 30 min to begin conditioning as described previously (McLaughlin et al, 2003) . After 4 h, animals were injected with saline and confined to the nondrug-paired compartment of the conditioning apparatus. Cocaine and saline conditioning were repeated in the same chambers on day 3 such that mice received 2 days of cocaine conditioning. The experiment concluded on day 4 with testing of CPP. Alternatively, mice received daily U50,488 (5 mg/kg i.p.) pretreatment in lieu of exposure to FSS. In these experiments, mice were injected with cocaine at various times 15-360 min after U50,488 administration, and placed in the cocaine-paired compartment for 30 min to begin conditioning. Note that results are plotted as the difference in the times spent on the cocaine-paired side vs the vehicle-paired side. Therefore, a positive value demonstrates preference for the cocaine-paired side. The testing apparatus is balanced; animals conditioned with saline in both compartments develop no significant chamber preference (McLaughlin et al, 2003) .
This study utilized a three-chambered preference test apparatus, and thus needed to consider whether time spent in the central compartment was affected by the treatments tested. Analysis of time spent in the time spent in the central compartment before and after cocaine conditioning showed no significant effects of genotype, prior drug exposure or prior stress exposure. Prior to cocaine conditioning, mice spent approximately 570 s in the central compartment (KOR ( þ / þ ) mice, 581718.7 s (n ¼ 50); KOR (À/À) mice, 588723.4 s (n ¼ 44), WT C57Bl/6 mice, 548713.3 s, n ¼ 124). Pretreatment with either saline, nor-BNI, U50,488 or swim stress prior to cocaine conditioning had no significant effect on time spent in the central compartment during the subsequent preference test (data not shown).
Data Analysis
Behavioral data were analyzed by analysis of variance (oneway or two-way ANOVA). Significant results demonstrated by ANOVA were further analyzed for significance with the Fisher's or Neuman-Keuls post hoc tests for significant pairwise comparisons. Dependent variables were expressed as the time spent immobile during forced swimming in all FSS experiments, and the latency of time spent before removing the tail in the tail-withdrawal tests. Comparisons were analyzed for swim-stressed groups receiving nor-BNI or vehicle pretreatment, with the additional factors of WT, KOR gene disruption. CPP experiments express the dependent variable as the difference in time spent in the drug-and saline-paired compartments. Data for CPP groups were analyzed for cocaine or vehicle conditioning, with the additional factors of swim-stressed vs unstressed groups, nor-BNI or vehicle pretreatment and WT or KOR gene disruption. Analysis compared differences in time spent in the (eventual) drug-and saline-paired compartments, before and after FSS exposure. Seconds spent in the drug-paired, saline-paired, and neutral zone compartments were additionally analyzed separately. Data are presented as means7SEM of the animal treatment group, with significance set at Po0.05.
RESULTS
Stress-Induced Responses were Disrupted by KOR Gene Deletion
The hypothesis that stress-induced release of endogenous DYNs activates KORs is based on the receptor specificity of the antagonist nor-BNI and assumptions about the selective effects of proDYN gene disruption (McLaughlin et al, 2003) . ProDYN-derived opioids might also act at non-kappa receptors (Chavkin and Goldstein, 1981; Young et al, 1986) . To test the hypothesis, SIA, immobility, and cocaine-CPP potentiation were assessed in KOR (À/À) and WT littermates exposed to repeated FSS. Consistent with previous results, WT mice showed significant increases in tail-withdrawal latency when analyzed by two-way ANOVA [factor swim þ factor Kappa] (F Swim/1,136 ¼ 15.07, Po0.001; F Kappa/5,136 ¼ 17.41, Po0.001; F Swim Â Kappa/3,136 ¼ 14.95, Po0.001). As evident in Figure 1a , KOR (À/À) mice did not show significant analgesia following repeated forcedswim. WT-stressed mice showed significant increases in tail-withdrawal latency when compared to unstressed mice (Po0.05, Newman-Keuls Multiple-comparison post hoc test). The increases were blocked by either nor-BNI pretreatment or disruption of the KOR gene. There were no differences between unstressed mice and stressed nor-BNI pretreated mice or stressed KOR knockout mice (P40.05, Newman-Keuls Multiple-comparison post hoc test). Similar to nor-BNI treated WT mice, KOR (À/À) mice did not develop stress-induced immobility following FSS (Figure 1b) . Neither nor-BNI pretreatment nor KOR gene deletion significantly affected time spent immobile on the first day of testing (Figure 1b , trial 1; F 2,53 ¼ 0.83, P40.05, one-way ANOVA). However, on the second day of forced-swim KOR knockout significantly reduced the time spent immobile in the first trial of the day (the second swim trial overall) as compared to the time of the vehicle-treated set ( Figure 1b , trial 2, one-way ANOVA F 2,53 ¼ 4.29, Po0.05). Overall, both KOR knockout and nor-BNI pretreatment of WT mice significantly reduced the immobility and analgesia induced by FSS.
WT and KOR (À/À) littermate mice developed equivalent cocaine-CPP in the absence of stress (Figure 2 ). In contrast, KOR (À/À) mice exposed to FSS prior to cocaine conditioning produced a cocaine-CPP response that was not significantly different from that of unstressed KOR ( þ / þ ) or (À/À) mice (Figure 2 ). WT mice exposed to FSS prior to cocaine conditioning demonstrated a significant, two-fold greater place preference over that shown by unstressed or nor-BNI pretreated, stressed mice (F 2,55 ¼ 5.76, Po0.05; one-way ANOVA followed by NeumanKeuls Multiple-comparison post hoc test). In contrast, vehicle-treated KOR knockout mice exposed to FSS did not (F 2,41 ¼ 0.31, P40.05; one-way ANOVA followed by Neuman-Keuls Multiple-comparison post hoc test). To verify that the KOR (À/À) response was not the result of genetic compensation, WT and KOR (À/À) were pretreated with nor-BNI and exposed to FSS prior to cocaine-CPP testing. Nor-BNI (10 mg/kg) pretreatment of FSS-exposed KOR ( þ / þ ) mice prevented the potentiation of the cocaine-CPP response; their response was not significantly different from the response produced by the unstressed KOR ( þ / þ ) mice (Figure 2) . Swim-stressed, nor-BNI pretreated KOR (À/À) mice demonstrated cocaine-CPP responses that were not significantly different from the responses produced by the unstressed or vehicle-pretreated swim-stressed mice (Figure 2) . Thus, while disruption of the KOR gene did not alter the basic cocaine-CPP response, it did prevent the stress-induced potentiation of cocaine-CPP. These results strengthen the hypothesis that stress-induced release of endogenous prodynorphin-derived opioids can produce analgesia, immobility, and potentiation of cocaine-CPP by a KOR-mediated mechanism.
KOR Activation is Sufficient for Potentiation of Cocaine-CPP
Swim stress induces a complex physiological response that might contribute to the enhanced CPP. For example, serum corticosterone levels in WT mice subjected to FSS increased three-fold (Figure 3) , an expected response to stress in this strain of mouse (Hotchkiss et al, 2004) . Importantly, treatments able to block stress-induced potentiation of cocaine-CPP did not affect the FSS-induced elevation of corticosterone. FSS increased serum corticosterone levels three-fold in WT mice pretreated with nor-BNI and in prodynorphin (À/À) mice pretreated with either vehicle or nor-BNI (Figure 3 ). These increased levels were not significantly different from the response of WT mice. The results suggest that the block in potentiation of cocaine-CPP Figure 2 Exposure to FSS results in a KOR-mediated potentiation of cocaine conditioned place preference. WT and KOR (À/À) mice were divided into three groups each. The first group was unstressed, remaining in home cages prior to 2 days of cocaine and saline conditioning (left pair). The remaining groups were administered either vehicle (center pair) or nor-BNI (10 mg/kg, i.p., right pair) in a bolus of 0.3 ml/30 g body wt 1 h before repeated FSS and then conditioned over 2 days with cocaine and saline as previously described (McLaughlin et al, 2003) . Subsequent preference results collected blind are plotted in seconds to highlight time spent on the drug-paired side of the apparatus. Y-axis values represent the difference in time spent in the cocaine-paired compartment subtracted from the saline-paired side on test day. * ¼ significant difference in cocaine-CPP compared with CPP for both unstressed and nor-BNI-treated mice. Po0.05, as determined by one-way ANOVA followed by Newman-Keuls Multiple-comparison post hoc test. (Bars represent n ¼ 12-22 mice). Figure 3 Stress-induced increases in corticosterone do not account for potentiation of cocaine conditioned place preference. Serum corticosterone levels in WT mice subjected to FSS increased three-fold (from a baseline of 16.074.70 ng/ml, n ¼ 11 to 49.571.470 ng/ml, n ¼ 8). Notably, both WT mice pretreated with nor-BNI and prodynorphin (À/À) mice showed a normal three-fold increase in serum corticosterone levels not significantly different from the response of WT mice, although both of these treatments prevented stress-induced potentiation of cocaineconditioned place preference. Statistical comparisons were carried out for DYN, WT, and À/À mice separately to define effects of nor-BNI and swim stress. *Po0.05 compared with untreated control as determined by one-way ANOVA followed by Newman-Keuls Multiple-comparison post hoc test. (Bars represent n ¼ 8-11 mice).
was not caused by gross disruption of the hypothalamicpituitary-adrenal axis (HPA) function and suggest that kappa system disruption alone might be sufficient.
To test the hypothesis that direct activation of KOR in the absence of repeated swim stress would result in the potentiation of the cocaine-CPP response, mice were administered the selective kappa agonist U50,488 prior to cocaine conditioning. To mimic the degree of kappa receptor activation produced by the forced swim, a U50,488 dose-response curve was first generated using the 551C warm-water tail-withdrawal assay (Figure 4) . Administration of U50,488 at 5 mg/kg produced a 5.470.47 s response latency, which was not significantly different from the response latency of 4.570.33 s shown by WT mice exposed to FSS (Figure 1a) . To determine the effect of prior kappa receptor activation as produced by forced swim, unstressed mice were administered U50,488 (5 mg/kg) or saline at various times up to 6 h before or 30 min after cocaine conditioning (as illustrated in Figure 5a ).
As evident in Figure 5b , the magnitude of the subsequent cocaine-CPP response was dependent on the interval between U50,488 and cocaine administration. Kappa receptor activation 6 h before cocaine conditioning did not significantly affect the cocaine-CPP (P40.05), whereas U50,488 treatment 60 min before cocaine produced a robust potentiation of the resulting CPP compared with salinepretreated mice (F 5,115 ¼ 4.71, Po0.001; one-way ANOVA, followed by Fisher's LSD Multiple-comparison post hoc test Figure 5b ). The magnitude of potentiation (6257110 s preference) was equivalent to that produced by FSS. The potentiation produced by U50,488 was blocked by pretreatment with nor-BNI (10 mg/kg); mice administered nor-BNI and U50,488 60 min prior to cocaine conditioning showed a subsequent cocaine-CPP response of 298773 s, a value that was not significantly different from the normal cocaine-CPP response in the absence of stress or U50,488 (P40.05, Student's t-test). Note that the timing of the nor-BNI Figure 4 Dose-response of U50,488-induced antinociception in the mouse 551C warm-water tail withdrawal assay. Response latencies were obtained both before and 30 min after C57Bl/6 mice (dark circles) were injected with a single dose of U50,488 (2, 5, 10, or 25 mg/kg i.p.). Similarly, tail withdrawal latencies were obtained both before and 30 min after KOR (À/À) mice (open circles) were injected with U50,488 (25 mg/kg i.p.). Circles represent n ¼ 6-9 mice (WT) or n ¼ 24 mice (KOR knockout). * ¼ significantly different than vehicle-treated mice, Po0.05, as determined by one-way ANOVA followed by Fisher's LSD Multiple-comparison post hoc test. Mice were pretreated on day 2 with vehicle or U50,488 (5 mg/kg, i.p.; diamonds) at a time ranging from 6 h before to 30 min after administration of cocaine (15 mg/kg, s.c.) then confined to the drug-paired box for a 30-min conditioning session (squares, referring to b). Mice used in conditioned place aversion studies (c) received saline instead of cocaine. After 4 h, mice were given vehicle and confined to the vehicle-paired box for a 30-min conditioning session (circles). Drug pretreatment and conditioning were repeated the next day, separated again by 4 h (represented by the diamond and joined square and circle icons, day 3). On day 4, the final preference test was performed blind to determine the effect of treatment and conditioning on place preference. (b). Preference test data demonstrates a time-dependent activation of the KOR-induced potentiation of cocaine-CPP. * ¼ Significantly greater difference in cocaine-CPP compared with CPP for saline-pretreated mice; z ¼ significantly less difference in cocaine-CPP compared with CPP for saline-pretreated mice, Po0.05, as determined by one-way ANOVA followed by Newman-Keuls Multiplecomparison post hoc test. (Bars represent n ¼ 12-36 mice). (c) Preference test data identifies a matching time course for conditioned place aversion induced by U50,488. These experiments replaced cocaine with saline as detailed above in (a); preferences are given as the difference between time spent in the first-saline-paired chamber and time spent in the second-salinepaired chamber during the 30-min trial. A positive value represents the time spent in the first-saline-paired chamber. Treatment of mice with U50,488 30 min after initial injection (and conditioning) with saline did not produce a significant preference or aversion for either chamber. * ¼ significant difference in saline-CPP response compared with CPP for saline-pretreated mice, Po0.05, as determined by one-way ANOVA followed by Newman-Keuls Multiple-comparison post hoc test. (Bars represent n ¼ 8-12 mice).
antagonism was also important. Mice given U50,488 60 min before cocaine conditioning and then treated with nor-BNI 1 h prior to final preference testing demonstrated a place preference (505749 s) that was not significantly different from U50,488/cocaine-trained mice not given nor-BNI. Thus, nor-BNI needed to be administered prior to U50,488, which is consistent with simple competitive antagonism rather than a nonselective effect on performance.
When the interval between U50,488 and cocaine conditioning was reduced further, potentiation was not evident (Figure 5b) . Mice given U50,488 30 min prior to cocaine showed no significant potentiation of cocaine-CPP, and mice given U50,488 15 min prior to cocaine conditioning demonstrated a significant decrease in the postconditioning time spent in the cocaine-paired chamber (497121 s) as compared to the saline-pretreated control (Po0.05; Fisher's LSD Multiple-comparison post hoc test). The KOR-mediated suppression of cocaine-CPP is consistent with the known aversive effects of kappa receptor stimulation (Suzuki et al, 1992) , and these aversive effects were further demonstrated in the present study by measuring the place preference of mice given U50,488 in the absence of cocaine (Figure 5c ). In this experiment, mice were trained with saline in both compartments and received 5 mg/kg U50,488 at various times prior to conditioning in the 'drug-paired' compartment (ie, the first saline-paired compartment). Mice given U50,488 at 60 or 30 min prior to CPP training developed no significant preference, whereas mice given U50,488 15 min prior to training developed a significant conditioned place aversion (À4457136 s, n ¼ 12, F 4,46 ¼ 3.95, Po0.01; oneway ANOVA, followed by Fisher's LSD Multiple-comparison post hoc test; Figure 5c ).
Mice given U50,488 immediately after cocaine conditioning showed neither potentiation nor suppression of cocaine-CPP (Figure 5b ). These results support the conclusion that the timing interval between prior kappa receptor activation and cocaine administration was critical, and the interval controlled the nature of the CPP response. Interestingly, analysis of the pharmacokinetics of U50,488 action (5 mg/kg i.p.) showed that the analgesic effects peak at 30 min after injection and were gone by 60 min (data not shown). Thus by 60 min, the majority of the acute response to U50,488 was likely to have dissipated prior to cocaine conditioning when the maximal potentiation of cocaine-CPP was observed.
DISCUSSION
The principal findings of this study are that: (1) repeated swim-stress resulted in immobility, analgesia and potentiation of cocaine-CPP that were blocked by KOR gene disruption; (2) kappa agonist administration both suppressed and potentiated cocaine-CPP in a time-dependent, nor-BNI-sensitive manner.
The study helps resolve an apparent contradiction between prior reports showing that kappa agonists suppress cocaine-CPP and our previous report that stress-induced activation of the DYN/kappa system potentiated cocaine-CPP (McLaughlin et al, 2003) . The results show that the key difference between the experimental protocols is in the timing of the cues, as stress releases DYN and activates the kappa receptors before the mice are given cocaine and placed in the conditioning chamber. Alternative explanations include; (1) the sites of drug action may be different from the sites of action of endogenously released kappa opioid, as pharmacologically administered drug distributes differently and achieves different concentrations in brain than does endogenous opioid peptide released by stress; (2) the response to kappa agonist may be different in a stressed mouse, as the actions of other neurohormones simultaneously released by stress may change the response to either kappa receptor activation or to cocaine; (3) repeated activation of the kappa systems by chronic stress may induce KOR desensitization that might result in different responses than acute drug injection; (4) prodynorphinderived opioids also act at non-kappa receptors (Chavkin and Goldstein, 1981; Young et al, 1986) , and (5) the pharmacological actions of a selective kappa agonist may differ from those of endogenously released DYNs. Although these alternative explanations have not been excluded, the most parsimonious concept is that a kappa receptor activation by endogenous DYNs prior to cocaine conditioning produces a dysphoric state that enhances the rewarding properties of cocaine subsequently experienced by the animal. A presumptive dysphoric action of endogenous DYNs would be consistent with the dysphoric effects of kappa drugs administered to humans (Kumor et al, 1986; Pfeiffer et al, 1986 ) and the conditioned place aversion produced by kappa agonists in rodents (Shippenberg and Herz, 1986) .
The novel demonstration in the present study that KOR gene disruption prevented FSS-induced increases in immobility, analgesia, and cocaine-CPP is consistent with previous observations. These results suggest that stress induces the release of the endogenous DYNs that activate the KOR to produce these behavioral effects (Mague et al, 2003; McLaughlin et al, 2003) . Our findings are also consistent with a recent study demonstrating that repeated infusion of U50,488 produced a dose-dependent, nor-BNIsensitive leftward shift in the cocaine-choice dose-effect curve of rhesus monkeys self-administering cocaine but not food (Negus, 2004) . The author speculates that chronic activation of kappa opioid systems, either from exogenous or endogenous sources, may enhance the relative reinforcing efficacy of cocaine, citing the ability of cocaine to attenuate both kappa agonist-induced decreases in mesolimbic dopamine levels (Maisonneuve et al, 1994; Thompson et al, 2000) and kappa agonist-induced place aversions (Suzuki et al, 1992) . Antagonist effects of nor-BNI on cocaine reinforcement were also demonstrated in Wistar rats (Kuzmin et al, 1998) .
Interpretation of knockout studies must be carried out cautiously as gene deletion can have other nonspecific effects (Tronche et al, 2002) , and while disruption of the prodynorphin gene has been shown to prevent expression of the kappa-selective DYN peptides (Sharifi et al, 2001) , expression of other prodynorphin-derived peptides is also blocked. The responsiveness of the kappa system was not grossly affected as prodynorphin gene deletion did not block the analgesic response to kappa agonists (Xu et al, 2004) . Thus, the consistency of results using nor-BNI, KOR gene deletion and prodynorphin gene deletion support the hypothesis that the potentiation of cocaine-CPP by FSS was caused by the release of endogenous DYNs that activated KORs. These results are also consistent with previous evidence that the DYN/kappa system contributes to the stress response (Basbaum and Fields, 1984; Millan and Herz, 1985; Przewlocki et al, 1987; Nabeshima et al, 1992) .
The experimental results showing that a kappa agonist can substitute for stress-induced release of DYN suggests that kappa receptor activation is both necessary and sufficient; FSS was not required. Work remains to be done comparing the timing of KOR activation though FSS-or U50,488-exposure on a biochemical level, and correlating these results to the behavioral effects noted here, as has been demonstrated in previous studies of KOR phosphorylation and KOR agonist-induced tolerance . However, the role of other mediators of the stress response was not excluded, and pharmacological activation of the kappa system by drug injection may also affect the HPA (Iyengar et al, 1986) . Corticosterone has been implicated elsewhere as a mediator in stress-induced increases in drug self-administration (Piazza et al, 1990; Deroche-Gamonet et al, 2003; Shalev et al, 2003) , although other studies have suggested this hormone is either not involved (Shaham et al, 1997; Lê et al, 2000) or only indirectly involved (Erb et al, 1998) . Our results showed that treatments that blocked swim stress-induced potentiation of cocaine-CPP (ie nor-BNI pretreatment, KOR gene deletion, prodynorphin gene deletion) did not block swim stressinduced increases in serum corticosterone levels. However, endocrine methods (adrenalectomy with corticosterone replacement) were not utilized in this study to conclusively exclude a corticosterone involvement, limiting this conclusion. This may prove relevant, as a recent study by DerAvakian et al, (2005) demonstrated shock-induced potentiation of morphine CPP was not due to the shock-induced increase in corticosterone release, but rather an increase in the corticosterone response to morphine itself following prior shock exposure. Moreover, other evidence supports a role for CRF and other neurotransmitters in the regulation of the rewarding properties of addictive drugs (Piazza et al, 1990 ; see also Koob, 2003) . The relationship between the stress response mediated by DYN and CRF-glucocorticoid modulation of cocaine reward as demonstrated previously (Yuferov et al, 2001; Deroche-Gamonet et al, 2003) requires further study.
The forced-swim test is an established and predictive animal model for the study of depression, with antidepressants typically reducing the duration of immobility exhibited (Porsolt et al, 1977; Lucki et al, 2001) . Previous reports have shown that nor-BNI blocked the swim stressinduced immobility (Pliakas et al, 2001; Mague et al, 2003; McLaughlin et al, 2003) and suggested that kappa receptor antagonists may also be effective antidepressants by blocking endogenous DYN function. In addition, the reduction of immobility caused by the disruption of the KOR gene extends those previous findings, and further supports the suggestion that KOR-selective antagonists may provide a new therapeutic approach for the treatment of depression.
In conclusion, FSS-induced behaviors were shown to be sensitive to KOR gene disruption (this study), KOR antagonism and prodynorphin gene disruption (prior work). The present findings further extend earlier work by demonstrating that exogenous activation of the KOR was necessary and sufficient to mimic the measured effects of FSS in a time-dependent manner, thereby highlighting connections between the endogenous kappa opioid system and chronic stress, depression and drug abuse.
